A unified lattice inversion method is applied to calculation of interatomic potentials and binding-energy differences between various kinds of surface atoms. Based on these calculated interatomic potentials, the field-ion microscopy images for Fe 3 Al are discussed in detail in order to develop the general concept and the evaluation method of selective evaporation for binary ordered alloys. ͓S0163-1829͑98͒01022-4͔
I. INTRODUCTION
The study of the field-ion microscopy ͑FIM͒ shows perfect ring structures in FIM images for pure metals. The size of concentric rings corresponds to the local curvature radius of the specimen's tip surface. Larger planar density of atoms corresponds to more prominent poles in the FIM images.
1,2
The clear ring structures also occur in the FIM images for binary ordered alloys. [1] [2] [3] [4] [5] [6] However, there exists an additional phenomenon in experiment, which is called invisibility. That is, one of the species seems to have disappeared from FIM images for binary ordered alloys. For instance, Co atoms in L1 0 PtCo and Ni atoms in D1 ␣ Ni 4 Mo seem to be invisible in the corresponding FIM image. [3] [4] [5] [6] Apparently, the invisibility can be explained by selective evaporation assuming that the applied voltage can cause evaporation of surface atoms from the tip sample. According to previous works, atoms with lower sublimation energy value ͑in the pure metal state͒ are invisible since they seem to be evaporated easily, and the remaining atoms, which have higher sublimation energy ͑see Table I͒ in their pure metallic state, would preferably remain at the tip surface and construct the stable FIM image. We denote the sublimation energy for pure metal by E s , then E Co s ϽE Pt s , and E Ni s ϽE Mo s . Therefore, the conception in previous works is apparently in good agreement with the experimental results.
II. PREVIOUS WORK ON FIM FOR Fe 3 Al
Recently, the FIM image of Fe 3 Al has been attracting attentions [8] [9] [10] because of its potential applications. 11 Figure 1 shows the unit cell of a Fe 3 Al superlattice. The DO 3 superlattice can be considered as eight B 2 structures stacked together to allow maximum distance between aluminum atoms. By comparing the sublimation energy values of pure metals Fe and Al, we can assert that Al should be the invisible species. 8 the converted pair potential curves ⌽ Al-Al , ⌽ Fe-Fe , and ⌽ Al-Fe based on the unified lattice inversion formula are introduced. The above results will be used to evaluate the binding energies of various kinds of atoms on different surfaces of Fe 3 Al. In true, the outcome of the evaluation will be compared to experimental data. The conclusion and discussion are in Sec. V.
III. THE INVERSE LATTICE PROBLEMS
The total energy of a Fe 3 Al system containing N atoms includes three partial energies
where x is the lattice constant of Fe 3 Al. The first term in the right-hand side corresponds to the interactions among Al atoms, the second one corresponds to the iron-iron interations, and the last represents the contribution from the Fe-Al interactions.
A. Expression of inverse lattice problems
Now let us write down the expressions for U Al-Al Fe 3 Al (x), 
The last partial energy is composed of the interactions between the Al atoms and the Fe atoms, that is,
The cohesive energy can be obtained by either ab initio calculation or experimental data combined with the application of universal Rose equation. 13 In the next step, in order to determine the pairwise potentials ⌽ Al-Al (x),⌽ Fe-Fe (x), and ⌽ Fe-Al (x) based on the cohesive energy or the partial cohesive energy, we need to solve the inverse lattice problems.
B. Carlsson-Gelatt-Ehrenreich technique "Ref. 16…
For most applications the pair potential approximation is considered to have spherical symmetry. And in various situations either the Lennard-Jones form is used for Van der Waals solids, 14 or the different modified Morse-type potentials are used for metals 15 extensively. The simplicity of pair potentials has made it possible to study the mechanical and defect properties of metals, on the other hand, to study the phase diagram of binary alloys, and the para-to antiferromagnetic transition problem. Most previous works only treat the nearest-neighbor interactions. Carlsson et al. 16 used ab initio band-structure calculation to obtain a pair potential with long-range interactions.
Band-structure calculation can produce the total energy, E tot (r), as a function of lattice constant r. In general, the cohesive energy E(r)ϭE tot (r)ϪE tot (ϱ) for each atom in a three-dimensional crystal lattice can be expressed as a sum of interatomic pair potentials ⌽(x) such that
where r is the lattice constant, R is the lattice vector. For concrete deduction, let us assume that each term at a fixed value of S p r occurs with a given weight W p in the sum ͑5͒.
These pairs of values ͕S p ,W p ͖ are specific to a given lattice structure, and can be easily generalized for different lattices by computer. Thus we may rewrite Eq. ͑5͒ as
In fact, denoting that E(x)ϭU(x)/N, all the Eqs. ͑2͒-͑4͒ will take the same form as Eq. ͑6͒. Now define an operator R such that
where the operator R p is defined by
in which f (r) is an arbitrary function. The formal inversion is then
so that it is given as
The right-hand side of Eq. ͑11͒ consists of infinite sums, each of them has infinite terms. The convergence of this series is slow, and is analyzeed with difficulty. Thus we shall illustrate an alternative method based on a generalized Mö-bius transform as follows.
C. Generalized Chen-Möbius inversion formula "Ref.
12…
For convenience, we replace the lattice constant r by the nearest-neighbor distance x, correspondingly, ͕S p ͖ by ͕b 0 (n)͖, and ͕W p ͖ by ͕r 0 (n)͖, such that
where b 0 (n) in a monotonically increasing series represents the distance between the origin on which the reference atom is located and the nth set of lattice points, r 0 (n) is the number of the nth set of lattice points. For example, b 0 (1)ϭ1 corresponds to the nearest-neighbor distance. The inverse lattice problem is to determine ⌽(x) from the fitting curve of E(x), which can be obtained from the ab initio calculation.
The trick here is to extend the series ͕b 0 (n)͖ to ͕b(n)͖ to achieve multiplicative closedness. Thus, for any m and n, there exist k such that b͑k ͒ϭb͑ m ͒b͑ n ͒. ͑13͒
In other words, ͕b 0 (n)͖ can always be replaced by a multiplicative semigroup ͕b(n)͖. Therefore, Eq. ͑12͒ is equivalent to the following:
in which
͑15͒
The lattice point shell is called virtual when r(n)ϭ0. Then the solution to Eq. ͑14͒ is given by
in which the inversion coefficient or the generalized Möbius function I(n) is given by
This indicates that I(n) and r(n) are the modified Dirichlet inverse of each other, which is a generalization of common Dirichlet inverse in number theory. The following proves that Eq. ͑16͒ is the solution to Eq. ͑14͒, as well as to Eq. ͑12͒:
In the case of ͓b(n)͔ 2 not being integers, the least common multiple of all the denominators can be used in the recursive procedure. The solution ͑16͒ with Eq. ͑17͒ can be applied to any lattice structure of interest in condensed-matter physics or statistical physics. Several examples relevent to this work are provided as follows.
From a mathematical point of view, the general expression r 0 (n) of the number of the crystallographic lattice points on a spherical surface is unsolved, but this can be obtained regirously by a very simple computer program up to the shell as large as required. After this step, a generalized Dirichlet inverse can be introduced. And it is shown that once the technique in number theory is applied, the problem can be solved in an unexpectedly concise manner.
D. Inversion formula for a fcc structure "Ref. 12…
The inverse problem can be expressed as
The corresponding solution is
In the present work, we use this fcc lattice inversion formula to obtain the pairwise potential ⌽ Al-Al (x) based on the cohesive energy curve for the fcc metal Al.
E. Inversion formula for a bcc structure "Ref.
12…
For obtaining the pair potential ⌽ Fe -Fe (x) from the cohesive energy curve for iron with bcc structure, we need to solve the equation of the inversion problem of a bcc lattice, which can be expressed as
͑20͒
The corresponding solution is given as follows:
͑21͒

F. Inversion formula for a DO 3 structure
The inverse lattice problem for a DO 3 structure or the relation between the total energy and partial energies can be expressed as
The relation between the partially cohesive energy E Al-Fe (x) and pairwise potential ⌽ Al-Fe (x) is
͑23͒
The corresponding solution is given as
͑24͒
IV. CALCULATION AND EXPLANATION OF FIM IMAGE OF Fe 3 Al
A. Energy analysis
Let us consider a system of Fe 3 Al, which consists of N atoms. The total energy of this system can be expressed as the sum of three parts: Step 1: To evaluate U Fe-Fe Fe 3 Al (x) based on ⌽ Fe-Fe (x). The latter can be converted from E coh bcc Fe (x) in terms of the unified lattice inversion formula for a body-centered cubic structure;
Step 2: To evaluate U Al-Al Fe 3 Al (x) based on ⌽ Al-Al (x). The latter can be converted from E coh fcc Al (x) in terms of the unified lattice inversion formula for a face-centered-cubic structure;
Step 3: To evaluate U Al-Fe from U Fe 3 Al tot (x)ϪU Fe-Fe (x) ϪU Al -Al ;
Step 4: To convert U Al-Fe into ⌽ Al-Fe based on the unified lattice inversion formula for a shifted simple cubic structure;
Step 5: To evaluate the cohesive energies E Al sur and E Fe sur of surface atoms for surfaces with different indices.
B. The cohesive energy curves of Al, Fe, and Fe 3 Al
A few parameters are needed to establish the cohesive energy curves based on Rose's universal equation of states as
where aЈϭ␤(xϪx 0 ), E 0 is the sublimation energy, x 0 is the equilibrium nearest-neighbor distance, and ␤ ϭ(9B⍀ 0 /x 0 2 E 0 ) 1/2 , in which B is the bulk modulus and ⍀ 0 is the equibrium atomic volume. Therefore, for each cohesive energy curve three parameters x 0 , E 0 , and B are required. For most pure metals, the experimental data can be found easily, which are taken for the present work. For the ordered alloys, part of experimental data are hardly obtained, which will be calculated from ab initio linear-argumented plane-wave calculation. For example, the bulk modulus of Fe 3 Al is difficult to measure due to its brittleness, thus the calculated data is taken. These equilibrium parameters are listed in Table II . The condition is that the applied voltage arrives at a certain value such that evaporation occurs, and the FIM images are attributed to the remaining atoms. The probabilities for competitive evaporation of different kinds of surface atoms can be evaluated by the Boltzmann distribution, which is temperature dependent. The smaller the probability for evaporation, the longer the duration of the stationary FIM image obtained in experiment. Note that there are two kinds of surfaces that consist of the Fe I atoms with indentical index ͑111͒ as shown in Fig. 4 . This is why the binding energy of surface atoms Fe I takes two values as in Table III .
V. CONCLUSION AND DISCUSSION
As long as selective evaporation dominates, the experimental results agree well with the atomistic simulation of the FIM image formation based on the approximately universal Rose cohesive energy curve with ab initio calculated or experimental parameters and the universal lattice inversion method within the pair-potential approximation. In fact, the present method has been proven to work well not only for Fe 3 Al, 9,10 but also for Ni 4 Mo, PtCo, PtCo 3 , Ni 3 Fe, and Ni 3 Al. According to the conventional selective evaporation rule, we will obtain the wrong conclusion for most of these ordered alloys. compare the work function values of component atoms of Fe 3 Al in its pure metallic state. In fact, the work function is a characteristic of metal such as iron or aluminum, not that for atoms. In our case, the experiment was done in the condition that the applied voltage was high eneough to cause selective evaporation at first, then we decreased the voltage for a stable FIM image. If we use the conventional rule of selective evaporation, the Al atoms would evaporate easily and it would be invisible, and this is contrary to experiment ͑see Table I͒ . From a theoretical point of view, the many-body effect should be considered for a general situation. Also, the surface relaxation might be important. These will be for further study.
Finally we like to discuss the uncertainties in the approximations we used. First, the pair potential model is only a popular and very simple approximation of interatomic approximation, especially for the surrface atoms. Second, even the inversion procedure is suitable for any kind of cohesive energy curves, the curve can be obtained in different ways:
͑a͒ direct ab initio calculation, ͑b͒ Rose approximation based on ab initio calculated E 0 ,a 0 , and B, 
